Downstream migratory behavior, plasma T4 concentrations and histological changes in the thyroid gland of biwa salmon underyearlings were examined during late spring and early summer for three consecutive years. The downstream migration was observed specifically when the flux of the river increased following rainfall. A close correlation was seen between the number of migrants and the rate of flux increase of the river. Plasma T4 levels of the fry caught in the river were variable, and no correlation was seen between the plasma T4 levels in the fish remaining in the river and lunar phase, rainfall, water flux or water temperature. However, significantly higher T4 concentrations were observed in the fish during downstream migration when compared with those in the fish remaining in the river and postmigrants in the lake. The mean epithelial height of the thyroid folliciles was greatest in the underyearling in May, shortly before the onset of the migratory season. The thyroidal activity of the migrants in late May and June tended to decrease and postmigrants in the lake had inactive thyroid. These results suggest that the rainfall or the associated changes in turbidity and flux is one of the initiators of the migratory behavior in biwa salmon, and also that thyroid hormone is involved directly or indirectly in downstream movement.
Introduction
In our previous study, it has been revealed that biwa salmon Oncorhynchus rhodurus go downstream to Lake Biwa as underyearlings, mainly from May prolactin, growth hormone, and corticosteroids are considered to be involved in the process of parr-smolt transformation or smoltification.5-7) Especially, thyroid hormones are suggested to induce some of the morphological and behavioral changes associated with smoltification, and a marked increase in plasma thyroid hormones has been frequently observed during parr-smolt transformation in many salmonid species.7) In hatchery-reared biwa salmon, an increase in plasma thyroxine (T4) was also observed during body silvering.8) The present study was undertaken to examine the role of thyroid hormones in downstream migratory behavior of biwa salmon fry and also to analyze factors initiating the downstream migration.
Materials and Methods

Study Sites and Fish
Observation of downstream migratory behavior and plasma samplings of biwa salmon Oncorhynchus rhodurus fry were performed in the Shiotsuokawa River and in the mouth of the river, located in the north of Lake Biwa. The length of the river is about 10km, and the width 5-12m. Further description of the river is given in a previous paper. Changes in the Plasma T4 Concentrations Fig. 3 shows the plasma T4 concentration of the biwa salmon fry caught in the river, at the mouth of the river or during downstream migration during April and June in three consecutive years. In 1984, plasma T4 concentrations of the fry in the river in May and early June were below 3ng/ml. No significant difference was seen between the fish in the river and those at the mouth of the river except for a significantly (P<0.01) lower level in the river fish caught on June 15. Plasma T4 levels of the fish in the river ranged from 2.8 to 5.6ng/ml in 1985 , but no significant difference between the plasma T4 levels in the fish remaining in the river and lunar phase, water flux or water temperature. Fig. 2 . Relationship between the number of the wild stock trapped in the river and the rate of increased flux by rainfall pertaining at the time of their capture. The number of fish trapped is the total for 2 days when the flux increased.
When the fry reared in the pond (the cultured stock) were released into the river, the plasma T4 level of the fish caught in the river 2 days after release was significantly (P<0.05) higher than the level in the fish in the pond. A further increase (P<0.05) in the hormone level was seen in the downstream migrants caught 2 days after the release (Fig. 4) . As shown in Fig. 5 , no significant change in the plasma T4 concentration was observed when the current velocity and fiux were increased in a small artificial stream. 
Histlogical Changes in the Thyroid Glands
The thyroid follicles of the fish caught in the river on April 13 appeared inactive. The follicle epithelium was relatively low cuboidal with smaller nuclei (Fig. 6A) . The cells became more active in the fish remaining in the river on May 9 (Fig,  6B) . Thyroid glands of migrants caught on June with flattened epithelial cells and small nuclei in the fish caught in the lake on June 30 (Fig. 6C, D) . suggested that the initiation of steelhead trout migrations is also correlated with lunar or semilunar periodicity.
On the other hand, Solomon15) suggested that increased turbidity and discharge following heavy rain initiate migratory movement in Atlantic salmon and sea trout. In masu and coho salmon, the new moon and rainfall are reported to initiate their migration. [16] [17] [18] In the present study, the onset of the down- In some salmonid species, an increase in plasma T4 levels has been observed during the migratory season, particularly coinciding with new moon. 14, 16, 20) The T4 surge may act in conjunction with environmental cues to synchronize salmon migration, 14, 20) In the present study, no correlation was seen between the plasma T4 levels and lunar cycles in the biwa salmon remaining in the river during the three consecutive years examined.
Significantly higher concentrations of the plasma T4, however, were observed in the fry caught during downstream migration, as compared with the fish remaining in the river and those in the lake. In chum salmon, T4 concentration in the whole body also increased in the fry migrating downstream.* Subtle changes in environmental water seem to stimulate thyroid hormone secretion in salmonids.21-25) Nishioka et al. 23 ) suggested that "novel water" stimuli may act at some levels of the hypothalamo-hypophysiothyroid axis to permit enhanced responsiveness of the thyroid gland to environmental and endocrine cues. In the present study, however, no significant increase in plasma T4 levels was seen in the fry caught in the river when the river was turbid by rainfall (Fig. 3 , June 8, 1984 and May 17, 1985) . Futhermore, the T4 concentrations of the fry migrating downstream were higher than those of the fish remaining in the turbid water (Fig. 3 , May 30, 1986) . A correlation between serum T4 levels and the stream discharge rate was reported in the migrators of Atlantic salmon.22) In the biwa salmon fry, however, plasma T4 concentration was not affected by an increased water velocity of the artificial stream. At any rate, the higher concentration of the plasma T4 in migrating biwa salmon seems to indicate that the hormone is involved in some aspects of downstream migratory movement.
A assesed by histological observations, the thyroid gland of biwa salmon appeared most active in the underyearling in May, shortly before the onset of migration and body silvering. The thyroid activity of the fish during migration in late May and June tended to decline, and postmigrants in the lake had inactive thyroid. Similar observations have been made on the thyroid activity during smoltification and downstream migration in several salmonids.26) Hoar and Bell27) has suggested that the increased thyroid activity in migrating salmon is related to the increased metabolic work for seawater adaptation and a response to different ambient iodide levels between fresh water and seawater.
This hypothesis would not be applicable to biwa salmon, since they go downstream to "freshwater" Lake Biwa. According to Hoar et at., 28, 29) an increase in swimming activity was observed in chum, coho and sockeye salmon, when treated with T4. In contrast, yearling Atlantic salmon injected with T4 reduced swimming activity and upstream orientation.30) Recently, Iwata et al.31) reported that chum salmon fry treated with T4 move to the open water where it may be advantageous for the fish to form school and migrate seaward in daytime. Thus, thyroid hormones seem to be involved directly or indirectly in the induction of some "still unknown" physiological conditions required for the salmon to initiate downstream migration.
